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A B S T R A C T

The consumption of artificially sweetened beverages (ASBs) is increasing in some countries. However, some meta-analyses have found that
habitual consumers of ASBs (compared with low or no consumption) had an increased risk on some health outcomes. We performed an
umbrella review of meta-analyses to grade the credibility of the evidence of claimed observational associations between ASBs and health
outcomes. Data were searched in Web of Science, Embase, and PubMed for systematic reviews published up to 25 May 2022, examining
association between ASBs and any health outcomes. Certainty of the evidence for each health outcome was obtained based on statistical
results of tests used in umbrella reviews. The AMSTAR-2 tool (16 items) was used to identify high-quality systematic reviews. Answers of
each item were rated as yes, no, or partial yes (for a partial adherence to the standard). We included data from 11 meta-analyses with unique
population, exposure, comparison group, outcome obtained from 7 systematic reviews (51 cohort studies and 4 case-control studies). ASBs
were associated with higher risk of obesity, type 2 diabetes, all-cause mortality, hypertension, and cardiovascular disease incidence (sup-
ported by highly suggestive evidence). Evidence for other outcomes (colorectal cancer, pancreatic cancer, gastrointestinal cancer, cancer
mortality, cardiovascular mortality, chronic kidney disease, coronary artery disease, and stroke) was weak. Results of the quality assessment
of systematic reviews using AMSTAR-2 showed some notable deficiencies: unclear sources of funding of eligible studies and lack of pre-
defined study protocols to guide authors. The consumption of ASBs was associated with a higher risk of obesity, type 2 diabetes, all-cause
mortality, hypertension, and cardiovascular disease incidence. However, further cohort studies and clinical trials in humans are still needed
to understand the impact of ASBs on health outcomes.
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Introduction

Artificially sweetened beverages (ASBs) are marketed as a
replacement for sugar-sweetened beverages (SSBs). The food
and beverage industry (or industry-funded studies) consider
ASBs a healthy choice because they are sugar-free, with low or
no calories. In United States, sales of regular soda decreased
between 2006 and 2015 and sales of bottle water increased [1].
Health concerns related with sugary beverages consumption
Abbreviations used: ASBs, artificially sweetened beverage; PECO, Population, Exp
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may favor the adoption of other healthier purchases among
consumers.

However, despite the reassuring claims surrounding artifi-
cially sweetened products, there is growing evidence that the
consumption of ASBs may not be totally healthy for humans.
Experimental studies have found rapid changes in the gut
microbiome in mice [2] and humans [2,3], which may play
important roles in regulating metabolism, appetite, and fat
storage. In some systematic reviews and meta-analyses of cohort
osure, Comparison, Outcome; SSB, sugar-sweetened beverage.
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studies, a high consumption of ASBs (compared with the lowest)
was associated with a higher risk of all-cause mortality [4–6],
CVD mortality [5,6], and cancer incidence [7]. In contrast, for
cancer mortality, no evidence of harmful associations was found
in 2 meta-analyses [5,6].

Umbrella reviews summarize the strength of associations re-
ported in previous systematic reviews andmeta-analyses. This new
methodological approachaims toovercomethegrowingnumberof
overlapping and conflicting reviews across an entire field [8,9].

Because of the existing conflicting results in recent reviews, we
performed an umbrella review of systematic reviews and meta-
analyses to evaluate the certainty of evidence of claimed observa-
tional associations between ASBs and health outcomes; and iden-
tify potential biases and inconsistencies. We also evaluated the
methodological quality of systematic reviews andmeta-analyses to
guide future methodologists and authors in the design, analysis,
and reporting of systematic reviews of ASBs and health outcomes.

Methods

Literature search
We searched Web of Science, Embase, and PubMed for sys-

tematic reviews published up to 25 May 2022, examining the
association between ASBs and any health outcomes. One
researcher (A.S.) was in charge of the first identification of the
literature, once authors agreed on what keywords and searching
databases were appropriate. The PRISMA 2020 guideline was
used to describe the results of the literature search [10]. Sup-
plemental Table 1 shows details of the search strategy used in the
present umbrella review.

Eligibility criteria
We selected systematic reviews (whether they performed

meta-analyses or not) evaluating the association of ASBs and any
health outcome; of cohort (among healthy populations at base-
line) and case-control studies, and randomized controlled trials.
When meta-analyses pooled cross-sectional studies, we excluded
them because they provide a weak level of evidence by design. If
meta-analyses included a mix of study designs (cohort, case-
control, and cross-sectional), we specifically removed cross-
sectional studies to reanalyze our meta-analyses. When system-
atic reviews included original studies whose exposure variable
evaluated other sources of artificial sweeteners instead of ASBs
(for example, sweeteners added to foods, or tabletop sweet-
eners), we excluded them. We also excluded systematic reviews
that only pooled data of SSBs or energy drinks or juices in their
analyses. Whenever >1 eligible systematic review addressed the
association between ASBs and a particular health outcome, we
selected the meta-analysis with the largest number of studies
included. Narrative reviews and systematic reviews published as
conference abstracts were also excluded.

Two researchers (C.D. and J.P.R.L.) independently
screened the articles by title and abstract using the software
Rayyan (https://www.rayyan.ai) and read full-text articles
for the selection stage. A third author (A.S.) settled dis-
agreements among researchers.

Data extraction
Two researchers (C.D. and J.P.R.L.) independently extracted

the following data: 1) first author name and year of publication,
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2) population, exposure, comparison group, outcome (PECO)
question, 3) exposure variable, 4) outcome variable, 5) number
of studies included in each systematic review and the number of
studies included in the umbrella review, 6) number of cohort
studies, 7) number of case-control studies, 8) effect size (RR and
95% CI) of the fully adjusted model that compared the highest
with the lowest ASBs intake, and 9) funding source to conduct
the systematic review. If responses were inconsistent between
authors, they discussed again the original data to reach a
consensus response.

Identification of high-quality systematic reviews-
AMSTAR-2

Two researchers (C.D. and J.P.R.L.) assessed the methodo-
logical quality of systematic reviews using the tool AMSTAR-2
[11]. This tool has 16 items to help researchers to identify
high-quality systematic reviews: 1) use of PECO elements in the
description of aims and methods of the review, 2) adherence to a
well-developed study protocol, 3) justification of the selection of
study designs, 4) use of a comprehensive literature search
strategy, 5) study selection in duplicate, 6) data extraction in
duplicate, 7) provide a list of excluded studies and justification,
8) description of included studies in adequate detail, 9) proper
technique used to assess risk of bias of included studies, 10)
reporting of the sources of funding of selected studies, 11)
appropriate methods for statistical analyses of the meta-analysis,
12) results of risk of bias assessments were considered in
meta-analyses, 13) results of risk of bias assessments were dis-
cussed, 14) the sources of statistical heterogeneity were dis-
cussed, and 15) publication bias was assessed and discussed.
Answers for each item were rated as yes, no, or partial yes (for a
partial adherence to the standard).

Statistical analyses
To estimate the average effect (RR and 95% CI) of each

eligible systematic review and meta-analysis, we standardized
the lowest reported ASBs intake as the reference group
(compared with the highest intake) and performed a random-
effects model. Results from a fixed-effect model were also pro-
vided, which are recommended when lack of heterogeneity
among studies exist. To quantify inconsistency among studies or
variability in the effects (statistical heterogeneity), we used I2. I2

describes the percentage of variability in effect estimates that is
because of heterogeneity rather than sampling error. Prediction
interval was calculated to consider the effects within 1 individual
study setting, which may be different from the average effect
[12]. Small study effects bias was assessed for each meta-analysis
by the regression asymmetry test (Egger’s test) [13]. Egger’s test
P < 0.10 and if the magnitude of association in the study with
smaller standard error (largest study) of the meta-analysis was
more conservative than the random-effects estimate of the
meta-analysis. The excess significance test was calculated, which
determines whether the expected number of studies (E) differs
from the actual observed number of studies (O) with statistically
significant results (P < 0.05) included in each meta-analysis
[14]. Certainty of evidence was classified into 4 categories
(strong, highly suggestive, suggestive, and weak) according to
the following criteria: P value of the meta-analysis of a
random-effects model, P value from the Egger’s regression
asymmetry test (small study effects), P value of the excess of

https://www.rayyan.ai
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significance test using the largest study in a meta-analysis and
number of cases. These criteria have been used in previous um-
brella reviews in the literature [9]). All statistical analyses were
analyzed using Stata version 16.
Results

Identification of systematic reviews of ASBs and
health outcomes

Of 4570 records screened from the databases and after du-
plicates were removed (Figure 1), 11 reports with unique PECO
were included in the umbrella review (obtained from 7 system-
atic reviews) [4,6,15–19].

Supplemental Table 2 shows descriptive data of the 11
selected reports of 7 unique systematic reviews. The outcome
variables examined were: cardiovascular mortality [15],
gastrointestinal cancer [16], colorectal cancer [16], chronic
kidney disease [17], all-cause mortality [6], cancer mortality
[6], obesity [4], type 2 diabetes [4], hypertension [4], CVD
incidence [18], and pancreatic cancer [19]. The 11 selected
Records identified from PubMed, 
EMBASE, WEB OF SCIENCE:
(n = 7,218)

Records screened
(n = 4570)

Reports sought for retrieval
(n = 68)

Reports assessed for eligibility
(n = 68)

Systematic Reviews of ASB and 
health outcomes (n =7)

Reports with unique PECO included
in the umbrella review
(n = 11)

Identification of studies v
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FIGURE 1. PRISMA 2020. Identification of systematic reviews of A

712
reports had a total of 51 cohort studies and 4 case-control
studies. In 5 reports from 4 systematic reviews [4,6,14,18], a
higher intake of ASBs was associated with an increased risk of
cardiovascular mortality, all-cause mortality, obesity, type 2
diabetes, hypertension, and CVD incidence. Authors declared the
following sources of funding to perform their respective sys-
tematic reviews: no funding source [15], unreported information
[16], hospitals [17,6], foundations [4], and national programs
[18,19].

Supplemental Table 3 shows the original studies excluded
(and reasons) of selected systematic reviews and meta-analyses.
In some meta-analyses of ASBs, authors pooled original data of
only SSBs (7 studies), or SSBs plus ASBs (11 studies), or SSBs plus
ASBs plus juices (2 studies), the exposure included artificial
sweeteners by supplements added to drinks from packets (8
studies), the exposure variable was poorly defined: ex. artificial
sweeteners (unclear if they included food supplements plus
beverages or not) (2 studies), the outcome variable included a
nonspecific cancer site (1 study), the outcome variable was
prediabetes (instead of type 2 diabetes) (1 study), and the
exposure group was nonconsumers of ASBs (3 studies).
Records removed before 
screening:

Duplicate records removed
(n = 2,648)
Records marked as ineligible
by automation tools (n = 0)
Records removed for other 
reasons (n = 0)

Records excluded
(n = 4502)

Reports not retrieved
(n = 0)

61 Reports excluded:
Systematic Reviews focused on SSB (n = 43)
Systematic Reviews of food sources (n = 3)
Systematic Reviews that included cross-
sectional studies (n = 6)
Systematic Reviews that included artificial 
sweeteners as dietary supplements (n = 1)
Systematic Review published as Conference 
Abstract (n =1)
Systematic Reviews with a lower number of 
original studies (n =7)

ia databases

SBs and health outcomes. ASB, artificially sweetened beverage.
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Certainty of the evidence of the associations
between ASB and health outcomes

Results of the umbrella review are shown in Table 1. Two
additional health outcomes (CAD and stroke) were meta-
analyzed and added to main results of the umbrella review
from original studies pooled in the CVD incidence review [18].
Nine out of the 13 meta-analyses showed statistically significant
associations (P < 0.05) in the random effect model. The effect
sizes (RR) ranged between 1.13 (hypertension) and 2.28
(chronic kidney disease). When the P < 10�6 of the random ef-
fect model was used as a threshold, 4 associations remained
statistically significant: all-cause mortality (RR, 1.19; 95% CI:
1.11, 1.27), obesity (RR, 1.55; 95% CI: 1.23, 1.96), type 2 dia-
betes (RR, 1.39; 95% CI: 1.22, 1.57), hypertension (RR, 1.13;
95% CI: 1.10, 1.16), and CVD incidence (RR, 1.23; 95% CI: 1.14,
1.32).

Four out of the 13 meta-analyses had I2 < 30% (heterogeneity
might not be important), 4 showed moderate heterogeneity I2 >
30%–50%, and 5 showed substantial or considerable heteroge-
neity I2 > 50%. In only 1 meta-analysis [18], prediction interval
values excluded the null value (1.09–1.39). All meta-analyses
showed small study effects bias, as the effect estimate of the
largest study was more conservative compared with the sum-
mary random-effects estimate, and P values of the Egger test
were >0.1.

Regarding the certainty of evidence (see results in Table 2),
none of the associations examined were supported by strong
evidence. The associations between ASBs and obesity, type 2
diabetes, all-cause mortality, hypertension, CVD incidence were
backed up by highly suggestive evidence. Finally, weak evidence
was found for colorectal cancer, pancreatic cancer, gastrointes-
tinal cancer, cancer mortality, cardiovascular mortality, chronic
kidney disease, CAD, and stroke.

Methodological quality of the selected systematic
reviews

Results of the evaluation of the methodological quality of
selected systematic reviews and meta-analyses by AMSTAR-2 are
shown in Table 3. The majority of reports (8 out of 11) followed
the PECO elements to describe the aims and methods of the
systematic review. Three reports had a well-developed study
protocol before conducting the systematic review. Only 1 report
justified the selection of study designs eligible for selection
purposes. All systematic reviews described partially the search
strategy used. The selection of the literature was conducted by a
minimum of 2 authors in all reports. Most reports (8 out of 11),
extracted data by 2 evaluators. Only 1 report provided a list of
excluded studies and their justification. A detailed description of
included studies was done in 5 reports. A proper technique to
evaluate risk of bias assessments of included studies had partial
adherence to the standards recommended by AMSTAR-2 in 10
reports. None of the reports provided details of the sources of
funding of each original study selected in different reviews. In 6
reports, authors used appropriate methods for statistical analyses
of the meta-analysis. Three reports employed risk of bias as-
sessments in sensitivity analyses. Two reports included com-
ments in the discussion on results of risk of bias assessments.
Four reports discussed the potential sources of statistical het-
erogeneity in the review. Finally, 9 of 11 reports assessed pub-
lication bias and discussed their influence in their conclusions.
713



TABLE 2
Certainty of evidence of meta-analyses of observational studies linking artificially-sweetened beverages and health outcomes

Health outcomes Certainty of evidence Criteria used

- Strong *P < 10�6; >1000 cases; P < 0.05 of the largest study
in a meta-analysis; I2 < 50%; no small study effect1; prediction
interval excludes the null value; no excess significance bias2

Obesity, type 2 diabetes, all-cause mortality,
hypertension, CVD incidence

Highly suggestive *P < 10�6; >1000 cases; P < 0.05 of the largest
study in a meta-analysis

- Sugestive *P < 10�3; >1000 cases
Colorectal cancer, pancreatic cancer, gastrointestinal cancer,
cancer mortality, cardiovascular mortality, chronic kidney
disease, CAD, stroke

Weak *P < 0.05

1 Small study effects is based on the P value from the Egger’s regression asymmetry test (P � 0.1) where the random-effects model estimate is
larger than the point estimate of the largest study.
2 Base on the P value (P > 0.1) of the excess of significance test using the largest study in a meta-analysis.
* P indicates the P values of the meta-analysis random-effects model.
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Sensitivity analyses
Main effect sizes of original meta-analyses (RR of Supple-

mental Table 2) whose outcomes were supported by highly
suggestive evidence (Table 2) did not differ in the direction of
the effect estimates obtained in our umbrella review (RRs of the
random-effects model in Table 1). However, the effect sizes
found in the present umbrella review of ASBs were slightly
stronger than those reported in the eligible meta-analyses.
Discussion

In this umbrella review, we graded the certainty of evidence
of associations between the consumption of ASBs and 13 health
outcomes, evaluating the credibility of the epidemiologic evi-
dence of cohort studies. In our main analyses (Table 1), a high-
ASBs intake showed a positive and statistically significant asso-
ciation with 9 outcomes: cardiovascular mortality, chronic kid-
ney disease, all-cause mortality, obesity, type 2 diabetes,
hypertension, CVD incidence (including CAD and stroke), and
pancreatic cancer. However, after grading the certainty of evi-
dence using an array of statistical tests, we found that only 5
outcomes (obesity, type 2 diabetes, all-cause mortality, hyper-
tension, and CVD incidence) had highly suggestive evidence.

Recent experimental studies in humans have demonstrated
rapid, harmful cardiometabolic changes induced by artificial
sweeteners [3,20]. Sucralose and saccharin have particularly
been associated with impaired glucose tolerance in healthy
adults after just 2 wk of daily supplementation [3]. The exper-
imental effects of sucralose on the human gut microbiota have,
however, produced inconsistent findings between studies. Some
clinical trials reported no effects of sucralose on the relative
abundance of intestinal bacteria [21,22], whereas others found
that low dosages of daily sucralose (48 mg) during 10 wk pro-
duced a 3-fold increase in firmicutes (Blautia coccoides) and a
decrease (0.66-fold) in Lactobacillus Acidophilus [20]. These
controversial findings could be explained by the different dos-
ages of sucralose used among different studies. A bell-shaped
dose-response effect has been suggested to explain the null ef-
fects observed in trials with very high doses of sucralose [20].
Furthermore, a growing number of animal studies have
suggested that some artificial sweeteners may induce gut wall
immune reactivity [23]. LPS is an endotoxin that increases
intestinal permeability and stimulates monocyte and macro
714
phage production of inflammatory mediators. It has been sug-
gested that the consumption of artificial sweeteners (stevia,
sucralose, saccharin, and acesulfame potassium) increase LPS
values [23] and this change would lead to unfavorable immu-
nologic responses. Although ASBs have been historically rec-
ommended to prevent weight gain or type 2 diabetes, our
umbrella review indicates that ASBs are associated with an
increased risk of obesity or type 2 diabetes. Observational
studies of this topic may be prone to bias. ASBs consumers could
choose these artificial products because they became ill (for
example, developed cardiometabolic risk factors) or experi-
enced recent weight gain, which is known as reverse causation
effect in epidemiology. Nevertheless, there is only partial sup-
port for this undesired bias because fully adjusted multivariate
models tend to attenuate (yet not totally eliminate) the
increased risk of type 2 diabetes, particularly after adjustments
for BMI at baseline or weight change [4]. It is also worth
mentioning that meta-analyses tend to include studies with a
large amount of covariates in their models (see Supplemental
Table 4). On the other hand, there is clinical evidence that ASBs
consumption could influence sweet taste receptors and brain
communications. For example, in a clinical trial and after 1 y of
follow-up, the sweetness threshold was unaltered in a group of
overweight participants that consumed ASBs [24]. In contrast,
the sweetness threshold decreased in overweight participants
who received no-calorie, unsweetened beverages. Further,
well-designed clinical trials will be needed to test the impact of
ASBs on appetite and metabolic health markers in humans.

Weak observational evidence was observed for other health
outcomes: cancer risk at several sites (colorectal, pancreatic, and
gastrointestinal), cancer mortality, chronic kidney disease, or
cardiovascular mortality. The 2020 World Cancer Report [25]
did not consider ASBs or artificial sweeteners as dietary carcin-
ogens; bacterial mechanisms that promote carcinogenesis are
still incompletely elucidated [25]. Although there is weak evi-
dence linking ASB consumption and cancer, it may still be wise
to follow the precautionary principle until our knowledge im-
proves on how the intestinal microbiota shapes cancer risk.

In our umbrella review, we found that some published sys-
tematic reviews of ASBs had serious flaws in the identification of
eligible studies (see Table 3). For example, Jatho et al. [16]
concluded that the consumption of ASBs was significantly asso-
ciated with an increased risk of liver cancer (RR, 1.28; 95% CI:
1.03, 1.58). However, the 2 unique original studies, included in
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their meta-analysis, evaluated the consumption of ASBs plus
SSBs [26] or the consumption of SSBs only [27]. Jatho et al. [16]
also inappropriately included some studies that considered
artificial sweeteners in supplements (tablets and sachets) instead
of ASBs, or whose outcome did not match the outcome searched
(cancer unrelated to obesity instead of gastrointestinal cancer).
Other major deficiencies in the methods followed by authors of
systematic reviews and meta-analyses merit a brief discussion.
Results obtained with the AMSTAR-2 tool indicate that most
authors of systematic reviews are not making use of predefined
study protocols, which may increase the risk of making un-
founded decisions during all the stages of the systematic review.
Furthermore, all reviews did not add information of the sources
of funding of the literature reviewed. The Cochrane handbook
for systematic reviews of intervention recommends to examine
closely the conflicts of interest of lead and corresponding au-
thors, based on information reported in the present or previous
publications or even searching in additional databases (Open
Payment Database, clinicaltrials.gov) [28]. To prevent or atten-
uate the undue commercial influence should be a priority among
scientists to increase the trustworthiness of scientific research. It
has been reported that authors with financial ties with the ASB
industry tend to publish more industry favorable results (for
example, weight loss) [29]. Nonetheless, some public health
researchers have challenged the value for research integrity of
reporting authors conflict of interests, because these partial
declarations do not avoid the negative undue influence of the
private sector [30].

The present study has several limitations. First, randomized
controlled trials are better suited to identify causal effects
compared with cohort studies. However, trials of the long-term
effects of ASBs on the risk of hard end points (such as CVD)
are lacking, being unfeasible to conduct because of their high
cost and lack of adherence to long-term interventions [31].
Although some trials have investigated early markers of cardio-
vascular health, they were of short duration, recruited unhealthy
participants and some were industry funded [31]. Meta-analyses
of randomized controlled trials are the pinnacle of
evidence-based medicine. However, they were excluded from
our statistical analyses because they contained a low number of
studies (see Supplemental Table 4 and eligibility criteria). Un-
fortunately, all studies identified in our umbrella review (met-
a-analysis) did not examine how different types of ASB were
associated with health outcomes. In a recent prospective study
(median follow-up 9 y), acesulfame potassium and sucralose
were associated with a higher risk of CAD (HR, 1.40; 95% CI:
1.06, 1.84) and (HR, 1.31; 95% CI: 1.00, 1.71), respectively,
whereas only aspartame remained associated with an increased
cerebrovascular disease risk (HR, 1.17; 95% CI: 1.03, 1.33) [31].
Third, it must be noted that artificial sweeteners in ASBs account
for a partial part of total consumption of artificial sweeteners. In
the French cohort study, NutriNet-Sant�e [31], 37% of partici-
pants consumed artificial sweeteners (42.46 mg/d, average).
Soft drinks with no added sugar accounted for 53% of total
artificial sweeteners. Other vectors were tabletop sweeteners
(30%), artificial sweetened yogurts, and cottage cheese (8%),
soft drinks with both sugar and artificial sweeteners (3%), others
(6%), such as biscuits (cookies), breakfast cereals, etc. Future
studies, if feasible, should evaluate the total amount of artificial
sweeteners consumed by participants rather than only those

http://clinicaltrials.gov
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from soft drinks with no added sugar. Finally, it must be
acknowledged that compared with traditional systematic re-
views, umbrella reviews are still in need of standardization
among authors [9]. We made decisions to select the eligible re-
views based on previous umbrella reviews published in leading
biomedical journals [32–36]. Nonetheless, future umbrella re-
views should compare how different methods of selection and
analyses influence the results of the umbrella review.

In conclusion, the main findings of our umbrella suggest that
ASBs could increase the risk of obesity, type 2 diabetes, all-cause
mortality, hypertension, and CVD incidence (highly suggestive
evidence). In contrast, weak evidence was found with cancer
mortality, cancer incidence, CAD, stroke, cardiovascular mor-
tality, or chronic kidney disease. Changes in the gut microbiota
or an increased production of inflammatory markers have been
suggested as possible mechanisms linking ASBs and health out-
comes. Because of the low number of randomized controlled
trials published of ASBs, and their methodological issues: short
duration of all interventions, the type of comparator groups used
in trials (commonly water plus sugar or SSBs, instead of water),
and the predominant use of just 2 artificial sweeteners (ace-
fulsame K and aspartame); further experimental work is urgently
needed to determine the chronic effects of ASBs on body weight
and cardiometabolic risk management.
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